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The search for non-Newtonian forces has been pursued following many different paths. Recently it 
was suggested that hypothetical chameleon interactions, which might explain the mechanisms be¬ 
hind dark energy, could be detected in a high-precision force measurement. In such an experiment, 
interactions between parallel plates kept at constant separation could be measured as a function of 
the pressure of an ambient gas, thereby identifying chameleon interactions by their unique inverse 
dependence on the local mass density. During the past years we have been developing a new kind 
of setup complying with the high requirements of the proposed experiment. In this article we 
present the first and most important part of this setup - the force sensor. We discuss its design, 
fabrication, and characterization. From the results of the latter we derive limits on chameleon 
interaction parameters that could be set by the forthcoming experiment. Finally, we describe the 
opportunity to use the same setup to measure Casimir forces at large surface separations with 
unprecedented accuracy, thereby potentially giving unambiguous answers to long standing open 
questions. 
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I Introduction 

Over the last couple of decades, scientists have been 
proposing new experiments to measure the Casimir 
force between two objects kept at separations up to 
a few fx m that could give new insights on how the 
confinement of vacuum fluctuations modifies the at¬ 
traction between two interacting surfaces [TJ [2]. The 
results reported in the literature have often been used 
to also set new limits on non-Newtonian forces and 
to explore if, at these separations, there is room for 
new physics [3H5]. Interestingly, apart from a few ex¬ 
amples mu, all experiments to date have been carried 
out using either sphere-to-plate or crossed-cylinder ge¬ 
ometries. The more obvious parallel-plate configura¬ 
tion can only be implemented if one can maintain a suf¬ 
ficient level of parallelism between the plates - a tech¬ 
nical hurdle that most experimentalists prefer to avoid. 

Still, the parallel-plate configuration allows measure¬ 
ments of surface interactions at much larger separa¬ 
tions, providing new opportunities to tackle questions 
that cannot be answered unambiguously with curved- 
surface experiments IMS!. One of the most interest¬ 
ing of these questions relates to the Khoury-Weltman 
theory m, which postulates that the accelerated ex¬ 
pansion of the universe might be driven by a self- 
interacting scalar field, called chameleon. The name is 
motivated by the peculiarity that the mass of this field 
depends on the density of matter in the local environ¬ 
ment. If the chameleon field existed, it would manifest 
itself as an additional fifth force, which could be ob¬ 
servable in Casimir-type force experiments. However, 
the relative magnitude of the chameleon interaction, 
with respect to other forces at the distances covered 
by current Casimir experiments, is too small to be de¬ 


tected. At larger distance (above 10/mi), this relative 
magnitude increases, thereby providing better chances 
to detect chameleon interactions. In order to trigger 
strong enough forces to reach the detection limit in 
this distance regime, however, large interacting sur¬ 
faces are required, which motivates the use of parallel 
plate configurations. In 2010, it has been shown [TTj 
that, if the chameleon theory is correct, a controlled 
change of the density of an ambient gas, in which two 
parallel plates of area 1 cm 2 are kept at a separation 
of 10 /irn, could give rise to a change in the chameleon 
force of ~ 1 pN. An experiment that could measure 
variations of 0.1 pN in the force between these plates 
could thus rigorously test the existence of chameleon 
fields. With a setup of this kind one could also per¬ 
form accurate Casimir force measurements, giving one 
the possibility to finally settle a long standing debate 
on the correct description of the dielectric function of 
metals at zero frequency IllSI- 

Inspired by this tantalizing opportunity, we have been 
developing a setup aiming to comply with all require¬ 
ments to detect chameleon as well as Casimir forces 
with sub-pN precision between parallel plates at ~ 
10 /jm separation. The first step towards this Casimir 
and non-Newtonian force experiment (Cannex) is to 
demonstrate that one can fabricate a large area force 
sensor with the specified sensitivity. The goal of this 
paper is to show that this is indeed possible. 

In Section [II] and Section |III[ we introduce the me¬ 
chanical design of the sensor and describe the processes 
that we have followed to fabricate a first prototype, re¬ 
spectively. In Section |IV| we present the experimental 
characterization of this prototype, and compare the 
results to a numerical model of the design. In Sec- 
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tion [V] and Section [Vi] we discuss the implications of 
the performance of our force sensor in the context of 
the upcoming Cannex experiment, and estimate the 
limits that could be set on chameleon parameters. Fi¬ 
nally, Section [VII| summarizes our work. 

II Design 

Our force sensor consists of a spring-like structure that 
mechanically responds to forces orthogonally applied 
to a 1cm 2 disk at its center. The resulting displace¬ 
ment is detected by measuring the capacitance be¬ 
tween the disk and a fixed flat plate, placed paral¬ 
lel at a short separation. If the two plates rest at 
a separation of a few tens of pm, one would mea¬ 
sure a capacitance on the order of 100 pF. This value 
could be determined using a high precision capaci¬ 
tance bridge m with a sensitivity of 0.1 ppm. That 
level of precision would then translate into a displace¬ 
ment sensitivity on the order of 1 pm. In order to be 
able to detect force changes of 0.1 pN, the spring con¬ 
stant of the sensor should thus not exceed O.lN/m. 
A design complying with this requirement is shown 
in Fig. [T] The geometry consists of three spiral¬ 
shaped arms extending tangentially from the central 
disk. The spacing of their center lines (dash-dotted 
curves in the figure) is even and described by the ra¬ 
dius r(0) = R + wq/2 + 9N/(2it)(wl + s), where R 
is the radius of the disk, s is the minimum spacing 
between arms, N = 3 is the symmetry, 6 £ [0,0 max ] 
is the angle relative to the inner starting point, and 
wq = w(0) and wl = ui(0 max ) are the widths at the 
inner and outer ends of the arm, respectively. In or¬ 
der to make optimal use of the available length and to 
achieve an approximately linear radial height profile 
(of the spring deformation), the width is chosen to fol¬ 
low a polynomial profile given by w{0) = wo+[fL(9)\ , 
where / = (wl—w o) s /A, L(9) is the length of the spi¬ 
ral at the position 0, and L is the total length. The 
geometric dimensions have been selected to minimize 
spacial requirements and the response to off-axes and 
tilt excitations, while maximizing stability and sensi¬ 
tivity. 

III Fabrication 

We have fabricated the force sensor described above 
following two different manufacturing techniques: wet 
etching of a silicon-on-insulator (SOI) wafer and laser 
cutting of a silicon wafer. The first method allows one 
to define the spring elements with lateral tolerances be¬ 
low 3 pm, and results in perfectly clean surfaces. On 
the downside, it appears to have a high drop-out rate 
and proved to be costly. The second method is limited 
to larger lateral tolerances (~ 10 pm). Furthermore, 
the carving process exposes the sample to significant 
thermo-mechanical stress, which leads to crack forma¬ 
tion at the edges of the mechanical structures, and 
contaminates the surfaces with back-sputtered debris, 
which has to be removed by immersing the devices 
in hydrogen fluoride (HF) solutions. The latter pro¬ 



Figure 1 : Top view of the force transducer. Tangen¬ 
tial spring arms extend from a central disk onto which the 
measured forces act. Insert: enlarged view and geometric 
definitions. 


cess leads to the formation of holes, eroded edges, and 
rougher surfaces. Due to the high costs of production 
and the high drop-out rate, it was not possible to per¬ 
form a systematic study of the devices fabricated via 
the wet etching procedure. Because this paper only 
aims at showing the overall feasibility of the force de¬ 
tection scheme, we have thus decided to focus on the 
second method. The results presented in this article 
have exclusively been obtained with laser-cut devices, 
using slightly different implementations (with respect 
to 0 max and wo) of the geometry defined in Fig. [T] For 
the sake of completeness, we note that, at the time 
of writing, a further production process using reactive 
ion etching is under development. The latter technique 
holds the promise for low tolerances and high quality 
surfaces at a comparably low cost. 

IV Mechanical characterization of the 
sensor 

IV. 1 Methods 

For the experimental characterization presented in 
this article we have constructed a simple setup, 
shown in Fig. [2] The sensing element described 
in Section [II] is mounted with its frame on top of a 
calibrated feedback-controlled piezo-electric translator 
(PI-P753, resolution 50pm), which in turn is fixed to 
a stick-slip motor (Attocube-ANPIOIZ). The latter 
translator can be operated either in stick-slip mode 
for rough alignment (d can be varied roughly from 
zero to 5mm), or in piezo mode, which allows one 
to directly apply an external voltage VAc(w e ) to the 
piezo-electric transducer element to obtain continuous 
motion. Finally, the stack of actuators is mounted 
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Figure 2 : Schematic view of the experimental setup. 
Note that the two different configurations for AC and DC 
measurements of the dynamic response and static deflec¬ 
tions, respectively, are shown together. 


on a massive aluminum plate, which is thermally 
controlled to remain stable slightly above room 
temperature. A gold coated circular mica substrate 
of surface area 1 cm 2 is fixed with epoxy glue on top 
of a manual tilt mechanism (two-axis tilt adjustment 
plate for optical mirrors with an approximate range 
of ±10 deg.) and placed directly under the central 
disk of the sensor, thereby creating a parallel plate 
capacitance C pp . The entire setup is placed inside a 
vacuum chamber (not shown) held at a pressure below 
10 -3 mbar. As detailed below, two different detection 
circuits are utilized to monitor d (and changes Ad 
thereof) between the movable part of the transducer 
and the substrate. 


First, we determine the dynamic mechanical re¬ 
sponse in an AC measurement by applying a small ex¬ 
citation A d pz (oj e ) = A d pz cos (uj e t) to the sensor frame 
via the stick-slip motor operated in piezo mode Q 
The response amplitude Ad of the sensor plate around 
the nominal fixed distance d corresponds to a relative 
change AC PP = s 0 AT zz (uj e )Adp Z /d 2 + O (dd 2 z /d 3 ), 
where, 


T zz (uj) = 


Ad 

Adnz 


Wq + iuj- 


(1) 


■ 1 u>- 


m B ff 1 


damental resonance frequency ujq. For amplitudes 
A d pz = 0(1 nm) and d ~ 100 /im, we have a sig¬ 
nal amplitude AC pp (w)/C pp = 0(lO~ 5 ). In order 
to measure AC pp (w) as function of frequency up to 
oj/(2it) = 100 Hz we use a differential analog capaci¬ 
tive bridge (General Radio 1616) driven by an external 
supply voltage of amplitude Vac(w&) = Vac,6 cos(u>bt) 
at frequency uib = 2 tt ■ 5 kHz ui e . Any varia¬ 
tion AC pp (t) results in an output oc AC pp (t) cos(u>bt) 
of the bridge. In order to extract the net signal [j 
AC pp (t) = ACpp cos(w e t), demodulation via a dedi¬ 
cated lock-in amplifier (Princeton research, P128-A) 
is required. The amplitude ACpp can finally be mea¬ 
sured by means of a second lock-in amplifier (Stanford 
research, SR830), referenced to ui e . 

In DC measurements we detect slow variations (< 
1 Hz) of the absolute value of Cpp (and hence d) 
using an Andeen-Hagerling 2700A bridge, which for 
d < 100 /jm (C pp > 9pF) reaches 2.7 ppm resolu¬ 
tion and 6.3 ppm accuracy. We perform static de¬ 
flection measurements to demonstrate the principle of 
force detection with the sensor. In order to do so, a 
known fixed voltage Vdc is applied between the sensor 
plate and the substrate, resulting in an attractive force 
Ves(VDc) ~ ( e o/2)AVp C /(d—Ad) 2 . The resulting dis¬ 
tance shift Ad = d — d(VDc) corresponds to a change 
A Cp p = Cpp — C'pp(Vdc), which can be measured con¬ 
veniently for various settings of d and Vdc- 

IV.2 Results 

For the characterization of our design we have recorded 
the dynamic response AC pp (u;) as described above. 
In Fig. [3] the acquired data are shown in normalized 
form and compared to a least squares fit to Eqn. 0 
with free parameters uiq, 7 e ff, and m e g. Clearly, the 
model fails to predict the shape of the peak. It has 
been demonstrated in the literature [18] that effective 
(lumped parameter) models may not capture signifi¬ 
cant mechanical properties, even for simpler geome¬ 
tries than the one of our sensor. For this reason, we 
resorted to numerical 3D finite element computations 
using the geometry described in Section [H] with sil¬ 
icon as the material (assuming the elasticity tensor 
described in the literature m and a mass density of 
2329 kg/m 3 ), and a vertical harmonic oscillation of the 
frame as excitation. As can be seen in Fig. [3] the nu¬ 
merical results agree very well with the measured re¬ 
sponse. Both the primary resonance at 15.20 ±0.15 Hz 
(representing a translational mode of the sensor plate) 
and the secondary resonance at 29.4 ± 0.5 Hz (corre¬ 
sponding to a tilt mode) are matched by the simulation 
within 3 %. The deviations in amplitude between nu¬ 
merical and experimental results for higher modes can 


is the transfer function from base vibration to abso¬ 
lute movement of the sensor plate. Note that we have 
assumed here that T zz (u ) can be approximated by a 
simple one-dimensional mechanical oscillator with ef¬ 
fective mass TO e ff, damping coefficient 7 e g, and fun¬ 


1. Note that the driving voltage Vac ( w e) of the stick-slip piezo 
is generated directly by the internal generator of the utilized 
lock-in amplifier. 

2. Both the differential bridge circuit and the mechanical sys¬ 
tem introduce additional phases ipb and <p e , respectively. For 
the sake of clarity, these have been dropped here. 
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be explained by considering several effects. First, tol¬ 
erances of the laser cutting process create asymmetries 
and cross-couplings between different modes, which 
could not properly be taken into account in the numer¬ 
ical model. Second, the limited mechanical stability of 
the connection between the piezo stack and the trans¬ 
ducer frame (see Fig. [2]) results in a small angular tilt in 
addition to the vertical excitation, which amplifies the 
mode around 30 Hz. Finally, the spectral resolution 
of the measurement is insufficient to resolve all peaks 
properly. Being thus assured of the validity of the nu¬ 
merical results we computed the vertical displacement 
due to static forces, from which follows an elastic con¬ 
stant k = 0.63±0.01 N/m. This value can be compared 
to an estimation k es t ~ WglTle ff = 0.30 ±0.01 N/nr 
based on Eqn. where m e g « nid+rn s / 3 is the effec¬ 
tive sensor mass with contributions rrid of the central 
disk and m s of the spring arms. The mismatch be¬ 
tween k and k es t shows again that a one-dimensional 
effective model is not applicable in this case. 



Figure 3 : Normalized dynamical response of the force 
transducer to mechanical excitation Ad pz . A numerical 
simulation of the geometry using a constant base vibration 
amplitude (solid line) agrees very well with the experimen¬ 
tal results (dots). The slight mismatch of 3% between the 
frequencies of the first resonance seen in experimental and 
numerical results (15.20 ± 0.15 Hz and 14.85 ± 0.05 Hz, re¬ 
spectively) is a consequence of fabrication tolerances. Con¬ 
trary to that, the simple model of Eqn. Q (dashed line) 
fails to qualitatively predict the response. 

Contrary to the dynamic measurements discussed 
above, where only the relative amplitude in depen¬ 
dence on the frequency was important, the experi¬ 
mental determination of the static response to forces 
acting onto the sensor’s central plate demands for an 
accurate knowledge of the dependence of the capac¬ 
itance on all involved parameters. Since in our test 
setup the angular alignment between the two plates 
is done manually, we have to take into consideration 
a residual relative tilt angle 9 between them. The 
dependence C pp (d, 9) can be estimated via dedicated 
computations using commercial finite element software 
(Cornsol Multiphysics®), leading to the results shown 
in Fig. [|J Especially at short surface separations the 
change in C pp due to even small tilt angles is signif- 
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Figure 4 : Correction factor C pp (d, 9)/C pp (d) due to the 
relative tilt angle 6 between the plates for several separa¬ 
tions d, as defined in the insert. 

icant. While fringe fields contribute to errors at the 
percent level [/J the limited accuracy of the manual set¬ 
ting for 0 in our test setup (estimated 0.5 deg.) may 
yield changes in C pp of 10 % or more. 

In the static response measurements, electrostatic 
forces F es (d,9,V eS ) = (V e 2 ff /2 )dC pp (d,9)/dd, with 
V e g = Vbc + V e cos (oj e t) + Vo, is generated by ap¬ 
plied voltages Vdc, the bridge excitation with am¬ 
plitude V e (see Fig. [2]), and the offset due to (local) 
intrinsic surface potentials Vo [2Tj. Generally, such 
forces result in a change Ad of d, and hence a varia¬ 
tion AC' pp (d, 9 , V eS ) in the capacity according to, 

kAd = F es (d-Ad,9,V eS ), (2a) 
C pp (d, 6, Kff) = C pp (d - Ad, 9) , (2b) 

and AC pp (d, 9, V eS ) = C pp (d, 9, V eS ) - C pp (d , 9, 0) . 

(2c) 

We interpolate the numerical results for C pp (d,9) 
shown in Fig. [4] using a multi-dimensional spline fit 
to simultaneously compute F es (d — Ad, 9 , V e g) and to 
solve Eqn. ( f2a| for Ad. This procedure yields a numer¬ 
ical parametric model which, again using spline inter¬ 
polation, is amenable to extract d, 9, and Vo for known 
Vnc an d V e from experimental data on C pp (Vdc) by 
performing least squares fits. Numerical curves corre¬ 
sponding to the fitted parameters are shown together 
with experimental data for three different distances in 
Fig- i Explicit parameter data corresponding to these 
fits are given in Tab. |T| 

Note that the occurrence of three free parameters 
in the fits leads to large uncertainties, especially in Vo- 
For this reason, in the forthcoming Cannex experiment 
it will be of vital importance to actively reduce 9 to 
below 1 //rad via a feedback mechanism. 

3. The measured capacitance will contain an offset due to 
fringe effects, which can be estimated |31i ED to account for 
an error of 2.5 % at d = 30 pm and 0.6 % at d = 10 pm, re¬ 
spectively. An efficient way to reduce these effects is to use a 
ring-shaped Kelvin capacitance around the parallel plate con¬ 
figuration which is, however, beyond the scope of the current 
paper. 
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Table 1 : Fitted parameters d, 9, Vo, and the X' 2 f° r the curves shown in Fig. [ 5 ] a gives the standard deviation of the 
fit residuals, which can be considered as a measure for noise. 


d [fim\ 

6 [deg] 

V 0 [mV] 

x 2 

a [fF] 

np [nN] 

93.8 ±2.6 

0.45 ±0.10 

—20±29 

0.922 

3.7 

5.1 

73.76±0.17 

0.632±0.003 

—14±7 

1.000 

10.9 

14.9 

44.63±0.20 

0.377±0.004 

—6±4 

0.998 

8.0 

10.9 



- 2-10 1 2 


excitation voltage [V] 


Figure 5 : Measured AC pp as a function of the applied 
Vdc for three different nominal distances. The solid curves 
represent the best results obtained by least squares fits to 
the numeric model in Eqns. (2a I— (|2c|) . 


The sensitivity of our DC measurements can be es¬ 
timated from the standard deviation <t(AC pp ) of the 
normally distributed fit residuals given in Tab. [I] Not¬ 
ing that cr(AC'pp) « (eA/d 2 )a(d), and (for frequencies 
w < wo), cr{d) = a(F)/k, we can extract the corre¬ 
sponding force noise uf ~ cr(.F) listed in Tab. [l] rip 
is approximately 5 orders of magnitude larger than 
the targeted level for the Cannex experiment, which 
can intuitively be explained by the almost complete 
absence of isolation from electric and vibrational dis¬ 
turbances in the test setup in Fig. [2} This immediately 
demonstrates the necessity of an effective shielding and 
isolation system for the final experiment. 

V Expected performance of the sensor 
in force measurements 

It is worthwhile to study the ultimate expected sen¬ 
sitivity limits imposed by the sensor design presented 
in this article. To start with, we assume the idealistic 
case that only the thermo-mechanical force noise rq 
of the sensor and the electronic noise of the bridge 
circuitry are present. Then we have ]22| . 


n t 


4k B Tuj 0 m e ff 


V Q 


( 3 ) 


Electronic noise presumably determines the resolu¬ 
tion of the capacitance bridge, rib in units of capac¬ 
ity (ACpp) can be computed via an empirical model 
given by the manufacturer m ■ Using nbF ~ kAd and 
Ad = d 2 rib/eA , we can rewrite rib in terms of force 
noise ribF- For room temperature, k = 0.63 N/m and 
V e = 0.3 Vpp, we obtain the results shown in Fig. [6] 
Assuming nt and ribF to be statistically uncorrelated, 
we compute the total RMS noise level for force mea¬ 
surements 4 as 7i to t = yjn-t rms + n bF ~ 1-2 pN (light 
solid line). For comparison, we also include a model 
calculation assuming Q = 600 and an advanced ver¬ 
sion (‘option E’) of the commercial bridge, yielding a 
much improved result (dashed line). The latter implies 
a sensitivity of better than 0.3 pN at plate separation 
< 10 fan and can be regarded as the ideally achievable 
limit on the precision of Cannex in the current con¬ 
figuration. Further improvements could be made by 
altering the sensor design to allow for a larger rrid, and 
a higher Q-factor, or by using modulation techniques 
and a narrow detection bandwidth. 

The mentioned limits regard the theoretically achiev- 



distance [pm] 

Figure 6 : Theoretical prediction of RMS noise levels in 
the final Cannex setup for a bridge detection bandwidth 
of 0.86 Hz [T5j- The thermal noise (dotted line) of laser- 
cut sensors and the bridge resolution (black line) are the 
main limiting factors for the achievable precision. Using an 
advanced version of the bridge and assuming a higher Q- 
factor for etched sensors leads to significantly better results 
(dashed line). 


where Q is the quality factor of the sensor, k B is Boltz¬ 
mann constant, and T stands for temperature. From 
the simulation results, we estimate for the current sen¬ 
sor. Furthermore, we consider an effective bandwidth 
of our bridge circuit of Abw = 0.86 Hz '15.], yielding 
an RMS noise amplitude rq.fj.MS = n tV Abw ~ 0.7 pN. 


able precision with the sensor presented in this article. 
A full estimation of the accuracy would have to take 
into account the precise geometry, as well as residual 

4. Note that the value Q « 100 used in the estimation is only 
valid for P < 10 —3 mbar. 
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fringe fields, parallelism, surface properties, external 
vibrations, electrical noise, and all occurring surface 
interactions. Yet, such an analysis is beyond the scope 
of the current paper. Based on the estimated resolu¬ 
tion shown in Fig. [6] we can, however, state expecta¬ 
tions regarding new limits on hypothetical chameleon 
forces, which will be measured in a differential exper¬ 
iment where sensitivity is more important than accu¬ 
racy. 

Two of us have previously estimated the expected 
chameleon force between two parallel plates immersed 
in a gaseous atmosphere of density p HE!- In this 
estimation, the authors have focused on chameleon po¬ 
tentials Vp of the form, 


V* = A 4 + 


A 4 +n 

(j) n 


( 4 ) 


where cp is the chameleon field, and A ~ 2.4 x 
10 -12 GeV is chosen to match the cosmological con¬ 
stant associated with dark energy. The couplings of 
4> to all other matter fields [13] lead to an effective 
potential V E ((p) = U(</>) + , where /? and m p i 

are the (common) coupling constant and the reduced 
Planck mass, respectively. Interestingly Ve has a local 
minimum which permits the definition of a mass 
= <9 <^Ve(</>)|^ depending on p. As it has been 
shown in detail in [5], the equation of motion for <f> can 
be solved for the parallel plate geometry. Denoting by 
mb and <j>b, the mass and the field in the space between 
the plates, this solution can be written as an implicit 
relation between distance and field, 


d = 


V / 2(2) (1+p)/2 


v p 1 dx 


m b Jo yjhp-i(x) - zh p (x) 


( 5 ) 


with z=(^ 

\<Pb 

Using Eqn. <[5j) one can then find from the gradient of 
V E (J>) an expression for the chameleon pressure, 


i /p 


, p = (1 + n) , and h p (x) = 


l-x p 

P 


parameter n that would arise from measurements with 
xenon gas at room temperature at a plate separation 
of 10 pm, and assuming the force resolutions estimated 
above. With a sensitivity of 1.2 pN, we could reduce 
the limit j3 < 5.8 x 10 8 given in Ref. [54] by approxi¬ 
mately 3 orders of magnitude. If the resolution of Can- 
nex eventually reached 0.3 pN, a further improvement 
of 2 orders of magnitude could be achieved. Hypothet¬ 
ically, with a sensitivity of 0.1 pN, one could test the 
complete range of /3, and therefore, perform an abso¬ 
lute test for the existence of chameleon interactions. 

By using a = 2(3 2 and A = m^ 1 in Eqn. ^ and 
Eqn. ([6]) , it is possible to express our limits on [3 in 
the form of the familiar a-A graph for Yukawa type 
(non-Newtonian) interactions, leading to the results 
shown in Fig. [8] Note that the Eot-Wash [55] and 
Stanford m experiments, despite having a higher sen¬ 
sitivity for general Yukawa interactions, are not sen¬ 
sitive to chameleon forces due to the presence of an 
electrostatic shield [9]. 
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between the plates. F l / > (d,p) decreases with the lo¬ 
cal density p 1 while electrostatic, Casimir, and grav¬ 
itational forces increase. This qualitative difference 
can be utilized to identify possible contributions of 
chameleon effects to the total measured force in the ex¬ 
periment. The amplitude Api) — F^d, P 2 ) 
of the difference in the chameleon force for two den¬ 
sities pi ^ P 2 directly depends on the value of the 
parameter (3. As proposed in |14j . such a variation in 
p could be realized by immersing the plates in a gas 
of different pressures P. Hence, in a measurement of 
AF^ for different P, one could either see chameleonic 
effects, or set an upper limit for the coupling constant 
/ 3 , based on the force resolution of the experiment. 
Fig- 0 shows constraints on (3 as a function of on the 



Figure 7 : Limits on (3 in dependence on the parame¬ 
ter n defining the chameleon potential in Eqn. Dashed 
lines present upper bounds achievable with our experiment 
for the sensitivity levels estimated in this article for mea¬ 
surements at d = 10 pm. For comparison the best current 
limits found in the literature from gravity resonance spec¬ 
troscopy [24] (top, GRS) and torsion balance fifth force 
measurements [26] (bottom left, 5 th force) are included. 


VI Casimir 

The ability to perform force measurements with 
sub-pN precision at surface separations larger than 
6 pm yields the opportunity to not only detect non- 
Newtonian forces but also to possibly resolve a long 
standing question from a quite different field of physics 
- the Casimir effect. 

For more than a decade (for recent reviews see [2j|4]) 
researchers have been trying to interpret experimental 
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Figure 8 : Limits on Yukawa-type forces arising from the 
estimated levels of sensitivity for the upcoming Cannex ex¬ 
periment (dashed lines). The shaded area marks parameter 
ranges already excluded by the results of experiments the 
Eot-Wash [25], Stanford [TO], Yale (TT) . and Tokyo [27i 
groups. 


results in favor of either the Drude model Ed or the 
plasma model e v as a valid description of the dielec¬ 
tric function of metals, but the available experimental 
data could not convince all researchers in favor of ei¬ 
ther candidates. One may write, 


£dM = £o - 


hJ 1 + Y)UI 


and £ p (u) =e 0 -§ , 


( 7 ) 


for the respective spectral dielectric functions, depend¬ 
ing on the radial frequency w, and the plasma fre¬ 
quency ui p = \Jp e -e 2 /m*£o of a metal with electrons 
of effective mass to*, number density p e ~, and ele¬ 
mentary charge e, in a vacuum of dielectric constant 
Eg. While both models are not rigorously defined from 
first principles, Ed appears to be more ‘physical’ in 
the sense that it takes into account dissipation of elec¬ 
trons via the damping factor 7 , which is neglected 
in e p . However, under certain conditions, the Drude 
model is thought to violate the second law of thermo¬ 
dynamics [28] ES] . If one uses the commonly applied 
Lifshitz theory to calculate the Casimir force Fc be¬ 
tween two plane parallel surfaces made of metals being 
described by either Ed or s p , the two results will differ 
by more than 100 % at plate separations d > 6 /im m- 
For gold surfaces of area 1 cm 2 the absolute value of 
Fc at the same distance amounts to approximately 
Fc < 80 pN when assuming Ep, and more than twice 
as much for e p . Hence, even if the final accuracy 
of Cannex cannot match its targeted precision level 
of 0.3 pN, a measurement of the Casimir force with 
absolute error of 10 % appears to be well within the 
achievable range. Data produced by such an exper¬ 


iment in the distance regime d > 6 pm would allow 
us to unambiguously discriminate if the Drude or the 
plasma model are in agreement with the experiment, 
and thereby, to settle a issue standing for more than 
ten years. 

VII Summary and conclusion 

The Casimir and non-Newtonian force experiment 
(Cannex) is poised to overcome the limitations of 
present precision force measurements by the utilization 
of macroscopic plane parallel plates, sub-pN force reso¬ 
lution, and an effective isolation system. In this paper 
we characterize the core element of this experiment - 
the force sensor. This micro-machined device could be 
fabricated by wet etching, reactive ion etching, or laser 
cutting from silicon or SOI wafers. Geometrically, it 
consists of a flat central disk of area 1 cm 2 , which is 
supported by spiral-shaped spring arms, allowing for 
a vertical translation of the disk. The design has been 
optimized to maximize the force sensitivity, while be¬ 
ing robust enough for handling and to avoid instability 
under expected experimental conditions. 

We have presented a static and dynamic character¬ 
ization of the sensor structure. For this purpose a 
test setup was constructed in which the central disk 
is opposed to a fixed plate to form an electric capac¬ 
itance. Using piezoelectric actuators we mechanically 
excited the sensor structure and monitored the vibra¬ 
tion amplitude via a capacitive bridge circuit. We 
found that the mechanical response can not be effi¬ 
ciently described by a one-dimensional, lumped pa¬ 
rameter model, but can be matched by a numeri¬ 
cal simulation taking into account the precise geom¬ 
etry. By comparing numerical and experimental data 
we were able to determine the static force constant 
k = 0.63 N/m, and the quality factor Q « 100 of a 
prototype device with larger-than-usual tolerances. In 
static measurements we could demonstrate the feasi¬ 
bility of force detection by applying an electric DC 
potential between the sensor and the fixed plate, re¬ 
sulting in a displacement which was again sensed ca- 
pacitively. Due to the absence of electrical and vi¬ 
brational insulation in our test setup, noise was found 
to be the limiting factor, leading to a force sensitiv¬ 
ity of only ~ 10 nN. Assuming that external influences 
(mechanical, electrical, and thermal) can sufficiently 
be attenuated, we estimated the residual Brownian 
noise of the sensor using the measured Q-factor and 
resonance frequency. Considering these results and 
the known electrical noise of the detection system we 
could eventually estimate the ideally achievable preci¬ 
sion for Cannex to be around 1.2 pN (and 0.3 pN with 
straightforward improvements) at a plate separation of 
~ 10 pm. This result gives confidence that the planned 
measurements can indeed unambiguously answer long¬ 
standing questions regarding the thermal contribution 
to the Casimir energy and give new limits to hypothet¬ 
ical chameleon forces, which could explain the nature 
of dark energy. 
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Before these measurements can be performed, how¬ 
ever, we need to fully implement mechanisms to mea¬ 
sure and maintain parallelism between our plates bet¬ 
ter than 1 /mad, and to isolate our system from seismic, 
acoustic, thermal, and electric influences. 
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